Males of many species adjust their reproductive investment to the number of rivals present simultaneously. However, few studies have investigated whether males sum previous encounters with rivals, and the total level of competition has never been explicitly separated from social familiarity. Social familiarity can be an important component of kin recognition and has been suggested as a cue that males use to avoid harming females when competing with relatives. Previous work has succeeded in independently manipulating social familiarity and relatedness among rivals, but experimental manipulations of familiarity are confounded with manipulations of the total number of rivals that males encounter. Using the seed beetle Callosobruchus maculatus, we manipulated three factors: familiarity among rival males, the maximum number of rivals encountered simultaneously and the total number of rivals encountered over a 48 h period. Males produced smaller ejaculates when exposed to more rivals in total, regardless of the maximum number of rivals they encountered simultaneously. Males did not respond to familiarity. Our results demonstrate that males of this species can sum the number of rivals encountered over separate days, and therefore the confounding of familiarity with the total level of competition in previous studies should not be ignored.
Introduction
Sexual conflict occurs when males and females have different fitness optima during reproduction [1, 2] . This can lead to the evolution of traits in males that enhance their own paternity share, but reduce the fitness of the females with whom they mate [1, [3] [4] [5] [6] [7] . Recent work in both the fruit fly Drosophila melanogaster [8 -10] and the seed beetle Callosobruchus maculatus [11] has demonstrated that when male relatedness and social familiarity are manipulated independently, females have higher fitness when grouped with males who are both related and familiar to each other. The effect of relatedness has been attributed to the inclusive fitness benefits of reducing harm, because when a male competes with his relatives, there is a high probability that the females he mates with will mate with his relatives in the future [12, 13] . In both species, however, familiarity among males is also necessary for plastic responses in harmfulness. In both Lymbery & Simmons [11] and Le Page et al. [8] , manipulations of familiarity are confounded with the total number of rivals to which males are exposed: males in 'familiar' treatments were exposed to fewer rivals in total than males in 'unfamiliar' treatments. The effect of familiarity is therefore open to multiple interpretations.
Lymbery & Simmons [11] and Le Page et al. [8] considered the most likely explanation for the importance of familiarity to be that it was used as an additional kin recognition cue, and suggested that males could only recognize kin if they were both genetically related and socially familiar. Since familiarity is an important cue for kin recognition in many species, this remains a valid interpretation of these results. In species that use phenotype-matching kin & 2019 The Author(s) Published by the Royal Society. All rights reserved.
recognition, for example, individuals learn the phenotype of those around them in the early stages of the life cycle and apply this template to individuals encountered in later life to assess their likely kinship [14, 15] . Because of the confounding of familiarity with the level of competition, one alternative explanation is that males in different familiarity treatments adjusted their reproductive expenditure in response to differing perceptions of sperm competition.
Sperm competition theory predicts that males should invest more in their ejaculate when the risk of competition (defined as the probability that a focal male's ejaculate will compete with the ejaculate(s) of any other males) is increased [16, 17] . By contrast, as the intensity of sperm competition (defined as the number of ejaculates a focal male competes with, given that he competes with at least one other ejaculate) increases, males are predicted to invest less in their ejaculates because each additional unit of investment is worth less as the number of competing ejaculates increases [17, 18] . These theoretical predictions have received empirical support in several species [19 -24] . Investment in the ejaculate and/or its transfer could in turn affect the degree of harm to females, because the level of harmfulness in D. melanogaster and C. maculatus is considered to be associated with insemination [25 -30] . Most previous studies on the response of males to changes in sperm competition risk and intensity have manipulated the number of rivals that males are exposed to simultaneously. An ability to sum the number of competitors presented sequentially has been demonstrated only in the mealworm beetle Tenebrio molitor, where males increase the duration of mate-guarding when exposed sequentially to four rivals over 20 min but not when exposed to the same rival for the entire period [31] . It is the ability of males to sum rivals encountered sequentially that presents a potential problem for the interpretation of results in Lymbery & Simmons [11] and Le Page et al. [8] .
In Lymbery & Simmons [11] , we grouped a focal male in a 'familiar' treatment with two other males for 24 h, and then with the same two males plus a single female. A focal male in an 'unfamiliar' treatment was grouped with two other males for 24 h, and then with two different males plus a single female. This means that while each focal male was only ever grouped with two other males at once, in total over the entire period a focal male in a familiar treatment was exposed to two other males whereas a focal male in an unfamiliar treatment was exposed to four other males. Le Page et al. [8] performed a slightly different procedure, in which males were kept in groups of 15. A 'familiar' group was then formed by selecting three males from the same group of 15, while an 'unfamiliar' group was formed by selecting one male each from three groups of 15. A 'familiar' focal male was therefore exposed to 14 rivals in total, whereas an 'unfamiliar' focal male was exposed to 16 rivals in total. The relative difference in the number of rivals is therefore lower in Le Page et al. [8] than in Lymbery & Simmons [11] , and previous work has demonstrated that male D. melanogaster are insensitive to the number of rivals once this number exceeds one (in other words they are sensitive to the risk but not the intensity of competition) [22] . The confounding of social familiarity with the level of competition may therefore be less problematic for Le Page et al. [8] than for Lymbery & Simmons [11] , but in both studies the manipulation of 'familiarity' involved the manipulation of two different factors: social familiarity per se and the total number of rivals that focal males encountered. It is therefore possible that males in unfamiliar treatments assessed the risk and/or intensity of sperm competition to be higher, and this could alter their investment in reproduction. For example, if males assessed the intensity of competition to be lower in 'familiar' treatments they might increase their reproductive investment and produce larger ejaculates. If large ejaculates benefit females, as has been suggested for C. maculatus [32 -34] , this change in ejaculate investment would be manifest as a difference in female fitness and male harmfulness. Pizzari et al. [13] suggested that in some cases kin recognition mechanisms might be co-opted from existing responses to changes in the level of sperm competition, but social familiarity and the level of competition have yet to be explicitly separated in an experimental setting.
We used C. maculatus to untangle the experimental manipulation of the level of competition and social familiarity. Males of this species harm females through precopulatory harassment and with genital spines that puncture the female reproductive tract and enhance the uptake of accessory seminal fluids [28, [35] [36] [37] [38] [39] . Males also produce large ejaculates that may partially offset these costs of copulation, possibly by providing females with an 'ejaculate gift' in the form of supplementary water [32 -34] . Previous work on this species has demonstrated a response to manipulations in the competitive environment, with males adjusting their mating expenditure in response to the presence of rivals [40, 41] . Using ejaculate size as a measure of investment in reproduction, we tested whether C. maculatus males sum the number of rivals encountered across separate time periods and also whether males respond to changes in familiarity when this effect is separated from the total number of rivals. We manipulated three factors: (i) the maximum number of rival males encountered at any one time; (ii) the total number of rivals males encountered over an extended time period; and (iii) familiarity of rivals per se. Since the effect of relatedness is not confounded with the level of competition in previous studies, we did not manipulate genetic relatedness among males. If males adjusted their investment with the level of competition but were unable to sum males across separate time periods, we predicted that ejaculate size would differ according to the maximum number of rivals encountered at one time but not to the total number of rivals encountered across time. If, on the other hand, males were able to sum the number of rivals encountered across time periods we predicted that ejaculate size would differ according to the total number of rivals encountered. If rival familiarity also affects ejaculate expenditure independently of the level of competition, we predicted that ejaculate size would differ according to familiarity treatments.
Material and methods (a) Study species
Callosobruchus maculatus seed beetles are a global stored product pest and a model species for studies of sexual selection and sexual conflict. Females lay eggs on beans, usually Vigna sp., and larvae burrow into the bean where they feed and complete their development into adult beetles (this takes approximately three weeks at 288C, the temperature regime for this study). All the nutrients required for the beetles to complete their life cycle are acquired from the bean as larvae-adults are facultatively royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20182589 aphagous. The species has a relatively high reproductive rate, with females frequently laying 60 -80 eggs each over their lifetime. They are capable of breeding 24 h after eclosion and exist in high-density populations where encounters with competitors and potential mates are near constant [40,42 -44] . As with most laboratory experiments on model species, the design used in this study does not entirely reflect the conditions experienced in nature. On the other hand, males are almost certain to encounter multiple competitors over their reproductive lifetime and the species is therefore a good candidate for testing the ability to sum rivals who are separated in time.
(b) Experimental design
Experimental beetles were sourced from the stock populations of Callosobruchus maculatus at the University of Western Australia (UWA). For details regarding the UWA stock populations see [4, 11, 40, 45] . Fresh black-eyed beans (Vigna unguilicata) were introduced to the stock populations. Once eggs had been laid on these beans, 600 beans containing larvae were isolated into 1.5 ml Eppendorf tubes and incubated at 288C. Once adults began to emerge, 250 unmated males and 250 unmated females were isolated over a period of three weeks. Relatedness was random (and assumed to be zero) among all experimental individuals.
We manipulated three factors with two treatments each. First, the maximum number of rivals that males were exposed to at any one time (Simultaneous: two or four). Second, the total number of rivals that males were exposed to over 48 h (Total: two or four). Third, whether or not the rivals that males encountered immediately prior to being paired with a female were already familiar to him (Familiarity: familiar or unfamiliar). The five logically possible combinations of our three factors were included in our design (figure 1):
. Each male underwent two separate but consecutive 24 h periods of exposure to rivals before being paired with a female. In the first 24 h period, a male was housed in a 1.5 ml Eppendorf tube with zero, two or four rivals. In the second 24 h period, a male was housed with two or four rivals: figure 1 for a full description of this procedure and the resulting combinations of the three factors.
After the two 24 h periods of exposure were complete, each male was paired with a random female of the same age. Males were weighed before and after each mating, and ejaculate weight was calculated as male weight post-mating subtracted from male weight pre-mating [46, 47] . All data were collected blindly with respect to treatment: when males were isolated prior to pairing they were labelled with individual sample codes with no indication of treatment, and samples were matched to treatments and groups after data collection.
(c) Statistical analyses
All statistical analyses were performed in R [48] . We modelled male ejaculate weight in terms of Simultaneous number of rivals, Total number of rivals and Familiarity among rivals. A preliminary analysis indicated that there was no significant difference in male weight at the time of mating among Simultaneous treatments (F 1,216 ¼ 1.59 p ¼ 0.67), and non-significant differences among Total (F 1,216 ¼ 3.67, p ¼ 0.057) and Familiarity (F 1,216 ¼ 2.81, p ¼ 0.095) treatments. We nevertheless included male weight (centred by subtracting the mean and dividing by the standard deviation) as a covariate in our analyses, to account for the possibility that males in some treatments may have suffered a greater loss of condition than in others or may have been smaller by chance alone. Because males were grouped together during exposure to rivals, males who were grouped in the same Eppendorf might not represent truly independent samples. 'Group' was included as a random factor in the analyses to account for this possible source of non-independence (number of groups ¼ 71). One potential problem with this method of accounting for the effect of Group is that males in 'familiar' treatments were in the same group in both the first and second 24 h period whereas males in 'unfamiliar' treatments were not. This, however, is the very nature of our manipulation of 'familiarity' Figure 1 . The procedure used to manipulate the three factors in our experiment: the maximum number of rivals that males were exposed to at any one time (Simultaneous: two or four); the total number of rivals that males were exposed to over 48 h (Total: two or four); and whether or not the rivals that males encountered immediately prior to being paired with a female were already familiar to him (Familiarity: familiar or unfamiliar). To manipulate these factors, male (F) Callosobruchus maculatus seed beetles were exposed to rivals in two separate but consecutive 24 h periods. In the first 24 h period, males were exposed to zero (F a ), two (
In the second 24 h period, males were exposed to two or four rivals. The rivals encountered in the second 24 h could be either the same (familiar) or different (unfamiliar) to those encountered in the first 24 h. After these periods of exposure, each male was paired with a single random female (C). Vertical lines between individuals indicate isolation. Possible combinations were: (a) Simultaneous ¼ two, royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20182589 and these cannot, unfortunately, be disentangled. The inclusion of Group based on the 2nd 24 h is the best available method of accounting for this. Ejaculate weight was analysed using linear mixed models (LMMs) with Gaussian error distribution, implemented in the lme4 R package [49] . As there was only one possible combination of factors in which Simultaneous and Total had different values, it was not possible to include a Simultaneous by Total interaction in the model. Homoscedasticity and normality of residuals were assessed using residual plots. The initial model conformed to homoscedasticity, but the residuals were not normal. Possible data transformations were explored using an optimal exponent function, which identifies the appropriate exponent to which data should be raised to maximize a given model's probability of passing ShapiroWilk's test for normality of residuals (van Lieshout pers comm 2013). None of the possible exponents, however, were able to correct the non-normality of residuals in this case. After the removal of six outliers, all of which were more than 1.5 times the interquartile range outside of the expected values for ejaculate weight, the data conformed to the assumptions of both homoscedasticity and normality of residuals. Final sample sizes after the removal of outliers and those pairs that failed to mate are provided in figure 1 .
One potential problem with our design was that, for some combinations, males in 'unfamiliar' treatments spent less total time with rivals than males in 'familiar' treatments ( figure 1) . In male D. melanogaster the absolute time spent with rivals, rather than the number of rivals encountered, determines reproductive investment [22] . While there is no indication that this is the case for C. maculatus, we addressed this problem with a post hoc comparison of ejaculate weight between the combination Simultaneous ¼ two/Total ¼ two/familiar (figure 1a) and the combination Simultaneous ¼ two/Total ¼ two/unfamiliar (figure 1d ). These two combinations were identical for the Simultaneous and Total factors, and the difference in Familiarity was achieved by manipulating the time spent with rivals ( figure 1) . If there was a significant difference in ejaculate weight between these two combinations, but not an overall effect of Familiarity in our main analyses, this may have indicated that the time spent with rivals is important for investment in C. maculatus.
Results
Group explained significant variance in the model and was retained (x Males exposed to four rivals in total produced smaller ejaculates than males exposed to two rivals in total (figure 2).
We conducted a post hoc contrast to determine whether the amount of time exposed to rivals might contribute to our results. There was no significant difference detected in a comparison of the combination Simultaneous two/Total two/ familiar and the combination Simultaneous ¼ two/Total ¼ two/unfamiliar (x 2 1 ¼ 1:96, p ¼ 0.16) where males in the latter treatment would have spent less time exposed to rivals.
Discussion
We found that male C. maculatus adjusted their ejaculate size in response to the number of rivals they were exposed to prior to mating: after accounting for the fact that larger males produced larger ejaculates, males produced smaller ejaculates when exposed to four rivals than when exposed to two rivals. Importantly, differences in ejaculate size were affected by the total number of rivals to which focal males were exposed over a 48 h period rather than the number of rivals present at any given time. Males did not, however, respond to differences in social familiarity when it was experimentally separated from the total number of rivals. Given that males can sum the number of rivals they encounter across time periods, we suggest that experimental manipulations of familiarity can be confounded with the perceived level of competition. It is therefore possible that the suggested role of 'familiarity' in sexual conflict reported in previous studies [8, 11] could instead be driven by male adjustments in ejaculate expenditure in response to sperm competition. Figure 2 . Mean (+ standard error) ejaculate weight of focal male Callosobruchus maculatus when mating with single females, after exposure to either two or four rivals over two separate but consecutive 24 h periods prior to mating. Mean ejaculate weights are shown for (a) focal males exposed to a maximum of two or four rivals at once, (b) focal males exposed to two or four rivals in total over 48 h and (c) focal males exposed to familiar or unfamiliar rivals in the second 24 h period of exposure.
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The fact that males respond to changes in the competitive environment by adjusting ejaculate size is consistent with theoretical predictions and empirical evidence from other species [16 -23,50] . Wilson et al. [40] demonstrated that C. maculatus males respond to the presence of rivals by beginning ejaculate transfer sooner. In our experiment, males transferred smaller ejaculates when they were exposed to a total of four rivals than when exposed to a total of two rivals. This suggests that the manipulation of the number of rivals was perceived by males as a change in the intensity of competition rather than risk, because males are expected to increase their investment with elevated risk but reduce their investment with elevated intensity [16] [17] [18] 21] . Our results therefore provide an alternative interpretation for the role that social familiarity played in the interaction effects on female fitness reported by Lymbery & Simmons [11] and Le Page et al. [8] . In Lymbery & Simmons [11] male familiarity enhanced female fitness if males were also related to each other, but a male in a 'familiar' treatment was also exposed to fewer competitors in total. In the current study, we found that males exposed to fewer competitors in total produced larger ejaculates. If large ejaculates are positively associated with female fitness, therefore, male strategic ejaculations in response to the level of sperm competition could explain the role of familiarity in the interaction effect on female fitness in Lymbery & Simmons [11] .
South & Lewis [51] found a positive effect of ejaculate size on lifetime fitness of females in Coleoptera generally, and Rönn et al. [52] found that females benefited from larger ejaculates across species within the Callosobruchus genus. Edvardsson & Canal [53] found a positive effect of copula duration on female fecundity in C. maculatus, with copula duration also being positively associated with ejaculate size. It has been suggested that large ejaculates in C. maculatus may partially offset the costs of copulation by providing water, and females mate more frequently when deprived of an external water source in both C. maculatus and C. chinensis [32 -34,54] . Recent work from Iglesias-Carrasco [55] , however, suggested that water availability alone could not explain the beneficial effects of the ejaculate. We did not directly measure female fitness in this study, which was primarily designed to test whether or not males of this species could add the number of competitors encountered across separate time periods. We demonstrated that male C. maculatus possess this ability, and it would therefore be useful to extend the current study to more definitively relate ejaculate size to female fitness under these conditions. Given that D. melanogaster males also adjust their ejaculates in response to the sperm competition environment [22, 50, [56] [57] [58] [59] , further work in that system is required to decipher whether males truly adjust their harm to females in response to familiar males or whether the effects observed reflect male responses to the sperm competition environment.
The vast majority of previous studies on responses to the risk and intensity of sperm competition have manipulated the competitive environment by changing the number of rivals present at the time of mating. Exceptions include Bretman et al. [22] , where the authors varied the age that males were exposed to rivals prior to mating, and Carazo et al. [31] , who demonstrated a response to the number of rivals presented sequentially in male T. molitor over a 20 min period immediately prior to mating. Our experiment provides a novel demonstration of the ability of males to sum different individuals encountered across separate days when assessing the level of competition and is therefore an important contribution to the study of the role of memory in controlling responses to the social and competitive environment. Bretman et al. [22] investigated the form of memory that controlled strategic ejaculation in D. melanogaster and found that males must be exposed to rivals for a minimum of 24 h to produce a plastic response in copula duration and ejaculate size. Rouse & Bretman [60] also demonstrated that males continue to respond to a rival's presence for up to 12 h after separation. Based on the results of our study, C. maculatus males appear to respond to the presence of rivals encountered more than 24 h previously. Rouse et al. [58] found that in D. melanogaster plastic responses to the competitive environment are controlled by a form of long-term anaesthesia-sensitive memory which depends on neural circuitry similar to simple associative learning. Outside D. melanogaster, Lyons & Barnard [61] also demonstrated associative learning in relation to sperm competition in the cricket Gryllus bimaculatus. Further studies investigating whether such mechanisms control responses in C. maculatus (and other species in which such plastic male behaviours have been documented) would be of value.
One potential problem with our experimental design was that in two of the three 'unfamiliar' treatment combinations, focal males were not exposed to any rivals for the first 24 h period, and the total duration of exposure time was lower than in other treatment combinations. In D. melanogaster the absolute length of exposure time, rather than the number of rivals, can determine strategic adjustments in ejaculate expenditure [22] . We are not aware of any evidence that this is the case for C. maculatus, and because familiarity had no significant effect in either our overall analysis across all combinations or in our post hoc comparison designed to test the effect of exposure time this potential confounding factor is unlikely to be problematic. The total length of time that males are grouped with other males could also affect their condition and therefore their ability to invest in the ejaculate. However, we found no significant difference in pre-mating body weight (a proxy for male condition) due to our social manipulations, and we also accounted for this possible source of variation by including male weight as a covariate.
It is also possible that males did not respond to our manipulation of familiarity because 24 h is not sufficient time for males to become socially familiar. A 24 h window, however, was also the time period used to establish familiarity in Lymbery & Simmons [11] , so this does not detract from the ability of the current study to comment on previous experimental designs. Furthermore, Lymbery & Simmons [11] pointed out that male C. maculatus may not produce a viable spermatophore until 24 h post-eclosure [44] , and the 24 h period before their first mating may be the time in which individuals gather social information via interactions with their neighbours and competitors.
In conclusion, we have demonstrated that male C. maculatus adjust their investment in reproduction according to the total number of rivals they encounter over time, but not the maximum number encountered at one time. They are therefore able to sum encounters with rivals that are not present simultaneously. By separating 'familiarity' into its distinct factors, we also provide evidence that the perceived level of sperm competition is confounded with (and could potentially explain) the effect of familiarity in previous studies. Future royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20182589 work could extend this experimental design to determine the fitness effects for females of male adjustments to their ejaculate and investigate whether other species that respond to the strength of sperm competition are able to sum encounters with rivals across separate time periods.
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